As a new type of multiband power system stabilizer, PSS4B has good engineering application prospects due to the huge potential of its inhibition of oscillation in different frequency bands. Aim at the shortcoming of lacking general applicability for PSS4B typical parameters, a hybrid particle swarm optimization algorithm is introduced into the optimization process for PSS4B parameters based on the method of center frequency in this paper, and good phase compensation effect is obtained. By testing the phase frequency characteristic without compensation of self shunt excitation system of Sanjiangkou No.1 generator, PSS4B functional verification test is carried out on the new generation of excitation regulator EXC9200 for the first time. Finally, PSS4B field parameter setting method and the process is summarized, which provides an effective way for PSS4B putting into operation.
INTRODUCTION
As an additional control element of excitation system, power system stabilizer (PSS) has the advantages of simple structure and easy implementation, and is the most economical and effective technical means to suppress low frequency oscillation of power system at present. At present, the widely used PSS2B power system stabilizer is a single frequency band structure. The power and rotational speed signal are used to synthesize the acceleration power integral as the input signal of PSS, which cannot well balance the oscillation suppression ability of high frequency band and low frequency band [1] [2] . In order to deal with the ultra-low frequency oscillation mode of about 0.05Hz appearing in the system, the Quebec Hydroelectricity Bureau of Canada proposed a design structure of multi-band PSS [3] in 2000, and was incorporated into the IEEE 421.5-2005 standard, namely PSS4B type power System Stabilizer [4] .
In recent years, PSS4B has drawn much attention due to its great potential of suppressing oscillations in the ultra-low frequency band. Literature [5] and [6] shows that PSS4B in different frequency bands have better oscillation suppression by digital simulation ________________________ State Grid Hunan Electric Power Corporation Limited Research Institute, Changsha, Hunan Province, China 410007 and digital mixed simulation method respectively; literature [7] used the small interference stability analysis to determine the system electromechanical oscillation mode and PSS4B installation position, and then set PSS4B parameters to verify its input effect; literature [8] launched a three-machine excitation system PSS4B field test verification for the first time, and proposed a simple method to parameterize only the second-order lead-lag phase compensation of the high frequency band based on the typical PSS4B parameters provided by the IEEE 421.5-2005 standard. However, this method is more dependent on the experience of commissioning personnel. At present, the project site still lacks a convenient and efficient PSS4B parameter tuning method, taking into account the low, medium and high frequency band damping effect. In addition, there is no literature about PSS4B of self shunt excitation system on-site test.
With the development of intelligent optimization algorithms, some scholars carry out PSS parameter optimization research based on Particle Swarm Optimization (PSO) [9] [10] and genetic algorithm (GA) [11] . In this paper, the crossover operation in genetic algorithm is introduced into particle swarm optimization algorithm [12] to form a hybrid particle swarm optimization algorithm, which is applied to optimize the tuning process of PSS4B parameters and obtain good phase compensation effect. Through field measurement of the uncompensated phase frequency characteristics of self shunt excitation system of No.1 generating unit in Sanjiangkou hydropower station, PSS4B functional verification test was carried out for the first time on a new generation excitation regulator EXC9200 of Guangzhou Qingtian Industrial Co. Ltd., which verified the optimization method proposed in this paper effectively.
PSS4B PERFORMANCE ANALYSIS
PSS4B is a new type of power system stabilizer proposed based on PSS2B. The main features of the PSS4B are that the input signal is divided into three independent input channels: low, intermediate, and high-frequency bands-that is, multi-band structure, shown in Figure 1 . The lead-lag compensation of the positive and negative branches of the three frequency bands is set as the same parameter, and the amplitude of the filter at the center frequency Fi (i = L, I, H) is 1 and the phase is 0. The parameter setting method is called center frequency method. According to the center frequency method, the PSS4B parameter settings are mainly reflected in the center frequency FL, FI, FH and corresponding band gain KL, KI, KH of the three bands. Take the high frequency band as an example, setting the parameters as follows:
where R is the constant to determine the width of the bandpass.
1.7590 10 1 1.2739 10 1.7823 10 1 Based on the center frequency method, the IEEE 421.5-2005 standard gives a set of typical PSS4B parameters as shown in Table 1 : Table 1 . PSS4B typical parameter when R=1.2.
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As can be seen from Table 1 , the PSS4B typical parameters do not set the two-stage lead-lag phase compensation time constants for each frequency band. Considering the frequency characteristics of each frequency band of the speed sensor, the frequency characteristics of the full band are shown in Figure 2 . As can be seen from Figure 2 , the typical phase angle of PSS4B is about 40 ~ 50° in the range of 0.1 ~ 2Hz, which is not universally applicable to the excitation system. Therefore, after selecting the three center frequencies FL, FI, FH and the corresponding KL, KI, and KH, the PSS4B three-band parallel advantages are used to optimize the second order of low, intermediate and high frequency bands lead-lag phase compensation time constant to meet the different excitation system phase compensation requirements. Among them, the optimization variables shown in Figure 3 . 
PSS4B PARAMETER OPTIMIZATION TUNING METHOD

PSS4B Parameter Optimization Model
According to the principle of phase compensation, the additional torque generated by PSS is in phase with the Δω axis to generate the maximum positive damping torque. For the single-input mode PSS4B shown in Figure 3 , the best compensation effect can be produced by adding the phase-frequency characteristics of the excitation system without compensation and the phase-frequency characteristics of PSS4B. Assuming the phase-frequency characteristic of the excitation system without compensation φ x , the phase-frequency characteristic of PSS4B is φ s, then the objective function of the optimization model is as follows: 
Among them f m is the frequency point within the range of 0.1 ~ 2.0Hz. TL3 ~ TL6, TI3 ~ TI6, TH3 ~ TH6 are the two-order lead-lag phase compensation time constants in the three frequency bands of PSS4B, namely the optimization variables.
Hybrid Particle Swarm Optimization Algorithm
Particle swarm optimization (PSO) is an optimization tool based on iteration. It originated from the research on the behavior of preying on flocks, and usually has the problem of falling into local extremes. Hybrid Particle Swarm Optimization (HPSO) is a particle swarm optimization algorithm based on the features of other intelligent optimization algorithms. This paper draws on the hybridization operation in genetic algorithm, according to the probability of hybridization to select a specified number of particles into the hybridization pool in each iteration process to produce the same number of progeny particles, and progeny particles to replace the parent particle. The method enables the particles to have the ability of jumping and updating, and at the same time, the diversity of the particles is increased, which can overcome the local optimum problem well. The optimization algorithm is as follows:
① Initialize the position and velocity of each particle in the population randomly, each particle represents a set of optimization variables; ② Use penalty strategy to consider the constraints, and calculate the fitness function value according to the objective function of PSS4B optimization model. The current position and fitness function values of each particle are stored in the individual optimal solution pbest of each particle, and the position and fitness function values of all individuals with the best fitness in pbest are stored in the population optimal solution gbest.
③ Update the particle speed and position; ④ Limit the location of the particles according to the range of particles; if the particles of a dimension value exceed the upper limit or lower limit, use the upper limit or lower limit to replace it; ⑤ For each particle, compare its fitness value with the best position it has experienced, update pbest if it is better, compare pbest with population gbest of all current particles, and update gbest; ⑥ Select the specified number of particles into the hybrid pool according to the probability of hybridization, two particles hybrid randomly to produce the same number of progeny particles in the pool, and replace the parents particles. The progeny particle's position and velocity are calculated as follows:
where p is a random number between 0 and 1. ⑦ If the number of iterations is satisfied, then stop the search, output the objective function of the smallest fitness value and the corresponding particle, otherwise return ② to continue the search.
FIELD TEST VALIDATION
Taking the excitation system of No.1 generator set in Sanjiangkou Hydropower Station as an example, the test of PSS4B parameters are carried out. The rated capacity of the generator is 15.6 MVA and the rated power factor is 0.8 (lagging). The excitation system is self shunt and adopts EXC9200 digital excitation regulator manufactured by Guangzhou Qingtian Industrial Co., Ltd.
Measurement of Excitation System Phase Frequency Characteristics without Compensation
When the active power P is 9.6MW, and the reactive power Q is 0.9MVar, the excitation system phase frequency characteristics without compensation is measured with excitation regulator automatic mode operation and AVC, AGC function exit condition, as shown in Table 2 . 
PSS4B Parameter Tuning
Based on the measured phase frequency characteristics without compensation in Table 2 , the parameters of PSS4B are optimized by using the hybrid particle swarm optimization algorithm. Select the center frequency and band gain of PSS4B as the same with typical parameters in Table 1 , namely FL = 0.07Hz, FI = 0.7Hz, FH = 8Hz and KL = 7.5, KI = 30 and KH = 120. The PSS4B optimized parameters are shown in Table 3 . From the PSS4B optimization parameters in Table 3 , the compensated phase frequency characteristics are shown in Figure 4 . It can be seen that the optimized parameters of PSS4B make the excitation system have compensated phase-frequency characteristics closer to the Δω axis and fully satisfy industry standards required in [13] . 
Test Procedure and Result Analysis
The critical gain of PSS is generally determined by the field test method. Due to the structure of the three branches of PSS4B in parallel, after the time constant setting of the phase compensation section is completed, it is necessary to scale the gain KL, KI, KH of the three low, intermediate and high bands to determine the critical gain. In this paper, KL = K * KL', KI = K * KI', KH = K * KH', where KL' = 1, KI' = 4, KH' = 16. Increase K slowly until the critical gain, and take 1/3 ~ 1/5 of the critical gain as the maximum gain setting. Figure 5 shows the oscillogram of the critical gain test when K = 15 under PSS4B. It can be seen that there is a significant amplitude oscillation of terminal voltage, excitation voltage and active power. At this time, the critical gain of PSS has been reached. Take K = 4 as the maximum gain setting, that is, the final setting of the three bands gain KL = 4, KI = 16, KH = 64. 3% voltage step test on load is carried out to verify the PSS function, with no PSS, PSS2B and PSS4B respectively. The PSS2B tuning parameters are in Table 4 , and the test waveform is shown in Figure 6 , Figure 7 and Figure 8 . Table 4 . Parameters setting result of PSS2B.
Variables
Quantity
Compared with Figure 6 , Figure 7 and Figure 8 , it can be seen that the active power can not be subsided within six cycles after the start of the step without PSS input. When PSS2B tuning parameters are input, the active power tends to be stable within two cycles, which shows that PSS2B has a better effect on the oscillation at the local oscillation point. After putting PSS4B with the optimal tuning parameters, the active power subsides within one cycle and the oscillation time is further shortened. Table 5 shows the damping ratio under three different operating conditions. It can be seen that the optimized damping effect of PSS4B is better than that of PSS2B, which can restore the system to a steady state more quickly. At last, the inverse-regulation effect test is carried out. Putting the PSS4B function into operation, drop the active power of the generator from 8.8MW to 5.2MW within 30s, and the test waveform is shown in Figure 9 . The maximum fluctuation of reactive power is about 2.5MVar, the reactive power reverse phenomenon is not obvious. 
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CONCLUSIONS
In this paper, the crossover operation in genetic algorithm is introduced into particle swarm optimization algorithm to form a hybrid particle swarm optimization algorithm, which is applied to the parameter optimization of the new PSS4B power system stabilizer and obtains good phase compensation effect. On the basis of measuring the phase-frequency characteristics without compensation of excitation system in the field, PSS4B of self shunt excitation system was first put into field test on EXC9200 excitation regulator, and the PSS4B field parameter tuning method and process were summarized. The following conclusions are drawn:
1) The phase-frequency characteristics of typical parameters of PSS4B do not have universal applicability. The two-stage lead-lag phase compensation time constants in low, intermediate and high frequency bands need to be set to meet the phase compensation requirements of different excitation systems.
2) With the aim of maximizing the positive damping torque of PSS4B, the hybrid particle swarm optimization algorithm is applied to the intelligent optimization process to achieve an extremely good phase compensation effect in the range of 0.1 ~ 2.0Hz. In addition, the excellent phase compensation effect, not only has good ability to suppress the oscillation in the local oscillation point, and lay the foundation with excellent damping effect for the entire band.
3) It is proved that the PSS4B with optimized parameters can restrain the local oscillation mode better than PSS2B through field experiments.
4) The critical gain test of PSS4B has its own characteristics. After setting the time constant of the phase compensation of each frequency band, it is necessary to scale the gains KL, KI and KH of the low, intermediate and high frequency bands to determine the critical gain.
